Abstract: Partition walls are often made of masonry in Romania. Although they are usually considered non-structural elements in the case of reinforced concrete framed structures, the infill panels contribute significantly to the seismic behaviour of the building. Their impact is difficult to assess, mainly because the interaction between the bounding frame and the infill is an intricate issue. This paper analyses the structural behaviour of a masonry infilled reinforced concrete frame system subjected to in -plane loading. Three numerical models are proposed and their results are compared in terms of stiffness and strength of the structure. The role of the openings in the infill panel on the behaviour is analysed and discussed. The effect of gaps between the frame and the infill on the structural behaviour is also investigated. Comparisons are made with the in-force Romanian and European regulations provisions.
Introduction
In Romania, reinforced concrete (RC) frame structures have been and are still commonly used for small and medium rise residential and office buildings. For this type of establishments, exterior walls and many interior partitions are made of masonry, creating a system that often provides a cost-effective solution for thermal and sound insulation purposes.
For the structural design of such buildings, the interaction between the infill panels and the frames is often ignored. The masonry walls are usually just considered non-structural elements, while the vertical and horizontal loads are only carried by the RC frames. Neglecting the influence of the infill panels on the structural behaviour may underestimate the stresses that develop in some of the elements under earthquake loading. Such an oversight could lead to premature failures and increases life safety risks.
When examined relative to the bare frame structure, the most important effects of the interaction between the infill panel and the frame are as follows: an increase in lateral stiffness, stiffness irregularities of the building in plan and/or elevation, local effects (mainly changing forces and moments in nearing columns and increased stresses in the masonry).
The increase in lateral stiffness leads to lower period for the fundamental mode of the building, which could, depending on the design response spectrum, correspond to higher peak acceleration.
The stiffness irregularities give rise to a concentration of forces in the perimeter elements (due to a higher distance between the centres of mass and rigidity) or at soft-story levels.
Local effects may not only engender a failure of non-structural partition walls, that is more severe should combined in-plane and out-of plane actions occur, but it can also induce a higher shear in the columns, thereby creating the risk of brittle failure.
Recent earthquake investigations show that the interaction between frames and infill panels should not be neglected.
Reinforced concrete buildings with masonry infill walls had a very good behaviour during the 2010 Canterbury earthquake [1, 2] , despite its intensity. Only 7 percent suffered moderate damage, while 3 percent were subject to serious structural damage. Even if masonry infill walls were not a part of the structure of these buildings, they contributed to the global stiffness in the early stages of the strong ground motion. The damage mostly consisted in the cracking of the masonry in the partition walls. In contrast, incipient brittle failure modes of the RC members were very rarely observed. Most of the structures that suffered damage were built before 1970.
In the 2011 Lorca earthquake [3] , some of the buildings that had no effective mechanism to resist lateral loads performed well, and showed damage similar to better designed buildings. Still, many buildings with masonry partition walls suffered serious damage, especially those with asymmetrical horizontal stiffness, akin to the corner buildings of apartment blocks. One of them even collapsed. For other buildings, a soft storey mechanism developed after the deterioration of the ground floor masonry walls. Another type of observed damage comprised of failures of the beam-column joint and shear damaged columns.
In the 2008 Wenchuan earthquake [4, 5] , many residential and commercial buildings experienced severe damage to the ground floor when less infill walls were at this level as compared to the upper stories. After breakage of the masonry infill walls at the ground floor and prior to the flexural yielding of the columns, the stiffness of the first story significantly reduced and suddenly overloaded the first story columns in shear. This led to the brittle failure mechanism. In some cases, the soft storey mechanism led to building collapse. In the case of infill walls made with hollow tiles, the damage only occurred in the walls, with bricks breaking under compression stresses and the parts of the wall collapsing. In the case of solid bricks, damage was mainly seen in the walls, but also in the columns. The columns located between windows were particularly damaged, as the short column behaviour led to high shear deformations.
Experimental research investigations [6] [7] [8] confirm these possible failure mechanisms.
It is clear that only if the infill is separated from the frame and a sufficient gap exists, then it can be considered that the frame and the panel do not interact. This solution is rarely used in common practice due to the difficulties related to connecting the walls to the frame. Out-of plane loads need to be withstood, while allowing free in-plane deformations and ensuring a good thermal and sound insulation. Moreover, if there is a gap only at the top of the wall, between the infill and the frame, a negative effect could occur: the compression strut acts more on the columns, which leads to a faster increase of shear forces [9] .
Because of this, the current engineering practice has to take into account the masonry panels when designing RC or steel frames. For the design of new buildings, the Romanian and European seismic codes [9, 10] recommend to consider the effect of the masonry infill panels by equivalent compression struts connecting on the joints of the structure.
Even if infilled frames have demonstrated good earthquake-resistant behaviour at times, it is recommended [9] not to consider the possible positive effects of masonry framed panels in the design model. This is because of the uncertainties related to ensuring a good connection between the infill and the frames during construction.
Over the past decades, researchers proposed various models that allow considering the effects of infills. A first class of models [11], generically named macro-models, involved replacing the masonry by an equivalent pin-jointed diagonal strut. The effective width of the diagonal proposed by authors varies from 1/4 of the length [12] to 1/10 of the length [9] . Others [13] proposed a formula where width depends on the panel geometry, varying from d/4 for square panels to d/11 for a 5:1 panel.
While the single diagonal strut can represent the general behaviour of the building, it cannot describe the local effects resulting from the interaction between the frames and the panel. In order to better predict the bending moments and shear forces in the frame members, multiplestrut models were proposed [14] [15] [16] . Recent models [17] consist of bi-diagonal compression struts with a central strut element.
A second class of models, generically named micro-models, rely on complex analysis using the finite element method (FEM). These models allow to better represent the interaction between the masonry and the frames and to identify all modes of failure and all local effects. They are though more difficult to implement as they require high computational time. The first models [18] used link elements in the contact region, which can transmit compressive forces but not tensile ones. Other models [19] also use plastic theory related to the modes of failure. More recent models [20] use the frame-infill separation criteria to find the length of contact between the infill and the frame for a certain loading pattern. Finally, some models [8, [21] [22] [23] simulate the behaviour of masonry infilled RC frames using a combination of discrete and smeared crack elements for the RC frame and the infill panel.
This paper examines the structural behaviour of masonry infilled RC frames under in-plane loading. A FEM modelling approach is adopted, with the robustness of the numerical results being ascertained across several alternative configurations. Our focus lies on the following aspects. First, the main differences in the structural behaviour of the bare and the infilled frames are identified. Second, the influence of any physical gap between the frame and the infill is evaluated. Third, the ability of the diagonal frame model to replicate the actual behaviour is closely examined. Fourth, the impact that any openings in the infill might have on the structural response is measured. Last, the soft storey mechanism is analysed.
Previous literature points to the existence of five ways in which masonry infilled frames may fail: corner crushing, diagonal compression, sliding shear, diagonal cracking and frame failure [24, 25] . Crushing of the infill at the corners occurs when the masonry used has low compressive strength. Diagonal compression results when the infill is relatively slender and failure stems from out-of-plane buckling of the infill. Horizontal sliding shear is associated with strong frame and weak mortar joints. Diagonal cracking often happens if the infill has high strength and the appearance of the first two failure modes is prevented. Frame failure corresponds to the development of plastic hinges in the columns or in the beam-column connections, when the infill is very strong. The numerical models put forward in this paper are evaluated based on their ability to predict some of these failure modes.
Numerical models considered
A four storey single span frame structure with reinforced concrete members and masonry infill is analysed. The FEM modelling is conducted using the SAP2000 software.
The values chosen for the beam length and the storey height are 410 cm and 300 cm respectively. The reinforced concrete elements (columns and beams) are modelled using frame elements while the infill is modelled using shell elements.
The concrete class is C20/25 [26] and the reinforcement type is PC52 (f yd =300 MPa). The beams are 30x45 cm, with A s = A s ' = 3d20 reinforcement. The columns have a 40x40 cm section with 4d25 (corners) + 4d20 (intermediate) reinforcement.
By assumption, the infill is made with 30x15x10 bricks. The Young modulus was considered E = 3600 N/mm 2 corresponding to masonry with strong mortar [27] . The compressive strength of masonry was computed in accordance with current European regulations [28] for two scenarios. The connection between the frame and the infill is modelled using nonlinear gap elements, which allow compression and shear but not tension forces. This type of connection elements also allow to assume that a physical gap exists between the elements and while this gap is not closed due to the deformation of the structure, no interaction occurs. Nonlinear hinges are assigned to the beams and frames (M for beams, P-M for columns). The first configuration corresponds to the bare frame structure, where the existence of the infill is ignored. In the second configuration, the infill is considered by means of a pin joined diagonal frame. In the third configuration the infill is modelled with shell elements but only on the area nearing the compressed diagonal. In the fourth model shell elements are used across a full infill.
The fifth configuration has full infills in the upper storeys while at ground floor level only the bare frame is considered. This model corresponds to the typical case of buildings where the presence of parking or commercial areas at ground floor level leads to less masonry exterior and partition walls.
For the last three models, window (150x120 cm) and door (90 x 220 cm) openings are considered at all levels.
Comparison between the bare frame and the infilled frame behaviour
For the bare frame model, the nonlinear static pushover analysis shows that increasing lateral loads leads to development of plastic hinges at the ends of the beams and at the base of the columns before reaching the structural capacity. For the full infill model, the behaviour is different. The analysis shows that increasing lateral loads leads to development of plastic hinges only in the columns. This can be explained by the fact that compressive stresses that develop in the infill panel act as a diagonal and the flexural behaviour of the members is replaced by a compression -tension behaviour. This is accompanied by an important increase of the stiffness of the building. In figure 5 the pushover curves for the bare frame and the full infill models are traced. The computed stiffness of the bare frame is 3.5 times lower than the stiffness of the infilled frame. For the bare frame, the fundamental period is 0.6 s and the maximum lateral load is 180 kN. For the infilled frame, the maximum load is 800 kN. The maximum displacement of the bare frame is 150 mm, while for the infilled frame it is only 60 mm. For the infilled frame, the triggering event that stopped the displacement was the failure of the concrete column in tension. For the final state, the computed von Mises stress, SVM, at the corners of the masonry panels reaches values higher than 8.3 MPa, up to 19 MPa. This means that corner crushing failure can occur prior to failure of the column, in particular for hollow bricks. Still, as masonry compressive strength can sometimes be much higher than the strength computed using Eurocode formulas [27] , the column failure criterion was considered
Influence of construction gaps on the behaviour
The influence of physical gaps between the masonry and the frame on the nonlinear response of the structure is analysed. These gaps could be required by design in order to ensure separation or they could be a result of poor construction of the partition walls. The same dimensions of the gaps were considered on top of the panel as well as on its sides. The results show that it is very important to account for such eventual gap because the overall behaviour of the frame is significantly affected. The behaviour of the structure corresponds to that observed in experimental testing [29] . While there is no contact between the frame and the infill, the structure behaves exactly as the bare frame. After contact, there is a sudden rise in stiffness and the structure behaves similar to the fully infilled one. For the analysed building, 20 mm gaps are sufficient to ensure that there is no interaction between the frame and the infill which could influence structural behaviour.
Comparison between the equivalent diagonal and the full panel
The response of the building when only a compression diagonal is taken into account was considered. For the frame diagonals, several models were analysed, in which the equivalent width varies from D/4 to D/12.5, where D represents the length of the diagonal. The model with shell elements only on the diagonal of the panel does not correctly predict the observed stiffness (Figure 7) . For the models with frame diagonals, the d/10 diagonal best expresses the stiffness of the building for the studied case. Yet the equivalent diagonal models fail to estimate the forces in the elements. In figure 8 , the evolution of axial and shear forces and bending moments in the +3.00 beam near its intersection with the column are traced. If the axial force is correctly predicted, there is an important difference related to predicting bending moment and shear force. In particular shear force is important, because it could lead to brittle failure. In the equivalent frame model the shear remains practically constant through all the loading phase, while in the shell model the shear force rises four times, with opposite sign to the initial value ( Figure 8 ). 
Influence of the openings on the structural behaviour
The effects that window openings in the infill have on the response of the structure were analysed. As the window prevents the formation of a direct diagonal strut, inclined struts appear above and below the windows as shown in figure 9 . This leads to a high increase in stresses around the angles of the windows. Failure patterns observed in experimental tests [8, 25, 30, 31] indicate that these areas are most likely to fail first and should be carefully designed. (Figure 10 ), the diagonal strut acts more on the compressed column, when compared to the full infill model, with an increase in the shear force. A similar effect is observed at the top of the storey, where the diagonal compresses the beam. Under normal circumstances, the central part of the beam has little shear reinforcement provided, given that the shear value is low. As a result, the effect can be particularly dangerous and requires careful consideration. For the side door opening (Figure  11 ), the increase in shear appears near the joint.
Failure patterns observed in experimental tests [8, 25] correspond to this behaviour highlighted by the numerical models. The central door openings lead to a significant decrease of the building stiffness, while the decrease for windows and lateral doors is minimal ( Figure 12 ). 
Soft storey mechanism
For the soft storey model, the nonlinear static pushover analysis shows that increasing lateral loads leads to development of plastic hinges only in the ground floor columns ( Figure 13 ). This decreases the post-elastic deformation capacity of the building by more than 50%. As shown in Figure 14 , the ultimate displacement predicted by the soft-storey model is 66 mm, while for the bare frame model the ultimate displacement is 147 mm. 
Conclusions
The results obtained from the numerical models show the important influence of the masonry infill on the RC frame behaviour for in-plane lateral loads.
The numerical simulations indicate that masonry infill highly increases the stiffness of the structure, up to 3.5 times when compared to the bare frame structure. The openings in the infill influence this effect, particularly door openings.
Masonry infill also increases the strength of the structure (as long as the seismic demand does not exceed the deformation capacity of the infills). Still, the presence of gaps between the infill and the frame can limit this beneficial effect of masonry. For the studied case, separating the infill from the frames by 20 mm gaps at the top and on the sides is sufficient to allow the frame to freely deform, similarly to the no-infill case.
Simple modelling with equivalent diagonal struts, which carry loads only in compression, is able to simulate the global seismic response of the infilled frames. The dimension of the equivalent strut proposed by the current Romanian seismic code, d=D/10 offers a very good estimate of the building stiffness for the studied case. But diagonal frame models cannot estimate the evolution of forces in frame members. Shear forces, which could lead to brittle failure, are particularly underestimated.
The window and door openings in the infill lead to the formation of inclined struts with high concentration of stresses near the corners of the openings, which could lead to failure in the masonry.
The soft storey mechanism is particularly dangerous, as the displacement capacity of the building is reduced to less than 50% when compared to the bare frame. This could result in premature failure of the building.
It is extremely important to take these possible failure mechanisms into account when designing new buildings. 
